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Abstract 
Conditions of successful 3D laser cladding for Ni based superalloy were studied. A high power Yb-YAG laser was used to 
create a molten pool on a stainless steel substrate into which Ni85Al15 powder stream was delivered to create 3D samples. The 
effect of different laser parameters on the structure and the intermetallic phase content of the manufactured samples were 
explored by optical metallography, microhardness, SEM, X-ray, and EDX analysis. The cladding of the Ni3A1 coating with small 
dilution into substrate can be obtained at the appropriate power density of about 2-8 J/mm2 under the laser scan velocity of 100-
200 mm/min and the powder feed rate ~ 3.8 g/min.  
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1. Introduction 
Super alloys on the nickel basis [1-5] are widely used as high-temperature tools. In particular, J and (J+J’) Ni3Al 
intermetallic phase has a melting temperature of about 1385 0C, low density (~ 7.53 g/cm3), thermal stability up to 
melting, an increase in the yield point in the temperature range of 800…900 0С and a high oxidation resistance in 
the temperature range of 1200…1250 0C in atmosphere, flame, water and alkalis, good hardness of cohesion with 
steel and copper [6]. So it can be recommended as a protective covering material for the components of high-tech 
products in the aerospace engineering and power machine building, for example, the components of a jet nozzle, 
afterburner, jet blades and ets.  
Early, in the papers [1, 7] the laser beam (LB) - aided control of the self-propagating high-temperature synthesis 
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in Ni-Al, Ti-Al systems for the layerwise manufacturing of three-dimensional (3D) parts was offered and 
experimentally realised. As for the laser in-situ synthesis of NiAl and Ni3Al intermetallides [1-7] and their layerwise 
laser cladding (LC) [8] without any visible cracks and pores, it was successfully performed later on.  
The present study is dedicated to the search of optimal conditions for laser cladding (LC) of pre alloyed Ni85Al15 
powder and fabrication of a full density and crack free coating on the maximum deposition rate for technological 
applications. The effects of laser cladding parameters on the phase composition and microstructure of the resulting 
intermetallic coatings were studied. 
2. Materials and experimental procedure 
2.1. Materials 
For the experiments the Ni85Al15 nickel super alloy powder produced by the JSC Polema Ltd. (Tula, RF), 
containing > 95 wt.% of intermetallic Ni3Al phase was used. The Ni85Al15 powder was represented by a 20 - 63 
μm fraction. The pre-alloyed Ni3Al phase was obtained by means of metal oxidises recovering with the help of 
calcium hydride. The Ni3Al stoichiometric ratio was 85 wt.% of Ni and 15 wt% of Al.  
 
 
 
Fig. 1. The SEM micrographs of Ni85Al15 powder Polema 
Ltd. 
Fig. 2. General scheme of the 3D sample build-up process 
applying the coaxial nozzle. The arrows show the directions of 
the head relative movement. 
 
The granulometric analysis of the particles was carried out by an optical granulomorphometer ALPAGA 500 
NANO a real-time optical sieving system, equipped with the CALLISTO image analysis software (OCCHIO s.a.). 
The powders were dried by heating up to +100 qC during 4 hours, and then cooled in a cooling chamber. The 
particle size parameters were estimated to have the following equivalent diameter (weight by volume) d10= 30.7 μm, 
d50= 46.8 μm, d90= 65 μm. The SEM showed (Fig. 1) that the initial particles had an irregular dendrite shape.  
2.2. Experimental setup 
All the experiments were carried out using a 3D CNC machine TruCell 3008 (Yb:YAG laser, 2 kW, cw, Germany) 
with the laser beam delivery system, 2-channel powder feeding system (Fig. 2), coaxial nozzle, and numerically 
controlled 5-axes table. Argon and helium were applied as the carrying and shielding gases, accordingly. The gas 
flow rate was approximately 10 l/min. The CNC centre was applied for the displacement of the sample and the 
nozzle relative to each other with the positioning accuracy up to 30 μm.  
The laser scanning speed - V was 50 - 600 mm/min, the laser power – P varied within a range of 80 - 400 W, and 
the laser beam diameter – d was 0.2 mm, which corresponds with the laser energy input E = P/(V*d) ~ 0.5...16.7 
J/mm2. The powder feed rate - fr ~ 3.8 - 9 g/min or the specific energy input - G = (P/fr), varied within a range of 1 
- 4 kJ/g. For optimization, we produced a series of single clad tracks without an overlap on meld steel substrate. 
264   D. Kotoban et al. /  Physics Procedia  56 ( 2014 )  262 – 268 
After this, the layer-by layer LC was realized. The hatching distance was 0.15 mm, the layer depth was 0.2 mm. 
Every second layer was formed on the bottom layer after turning it by 90 degrees.  
2.3. Microstructure characterization 
The metallographic section were etched subject to the ASTM E407 standard of acetic acid: HNO3 : HCl solution 
in volume ratio 10:10:15 was used to reveal general structure. After the etching, the cross sections of the single 
tracks and the multi-layered cladding samples were subjected to metallurgical analysis with the optical microscope 
(Olympus BX51, Japan) with digital camera and microhardness (HV) tester PMT-3M (RF). The phase composition 
of the synthesized structures was determined with the X-ray diffraction (XRD) using a DRON-3 (RF) diffractometer 
in the Co - Kα radiation. The morphology of the cladding layers after the LI was studied with a TESCAN VEGA 3 
LMH scanning electron microscope (Czech Rep.) equipped with an energy-dispersive X-ray micro analyzer 
(XCITE Oxford instruments).  
3. Results and Discussion 
3.1. Laser cladability of single tracks and 3D objects for the Ni85Al15 alloy  
Fig. 3 shows the cross sections of the cladding tracks on the sample 29, 19 and 36. We estimated the width and 
height of each tracks, the thickness of the clad and the size of the heat affected zone (HAZ). Geometrical parameters 
of separate laser tracks allowed calculating the cladding volume as a sum of the spherical cap’s volumes under and 
in the substrate (Fig. 3). We considered as good the uniform, continuous and smooth cladding tracks without defects 
and excellent bonding with the steel substrate (Fig. 3a). The channels with a deep penetration are more acceptable to 
laser welding regimes, especially if there are problems with cracks (Fig. 3b) and great overheating (Fig. 3c) on the 
channel bottom.  
 
   
a) b) c) 
Fig. 3. OM micrographs showing the typical macro structures of the single tracks after laser cladding of Ni3Al on the mild steel substrate: 
a)  P = 80 W, V = 200 mm/min, fr  = 3,8 g/min; b) P = 200 W, V = 100 mm/min, fr  = 3,8 g/min; c) P = 300 W, V = 600 mm/min, fr  = 7.6 g/min. 
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Fig. 4. Ni-Al phase diagram. Fig. 5. Cladding volume vs. specific energy input – fr for 
single clad tracks without overlap. 
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In accordance with the phase diagram (Fig. 4) we expected obtaining the JNi3Al and J’-Ni3Al intermetallic 
phases with the substructures of the A1 and L12 types, accordingly. After crystallization from the melt the J- phase 
is forming by a peritectic reaction, while the J’- phase crystallizes by an eutectic one. Namely this phase has great 
prospects for applications. The structure can also be presented by the particles of the NiAl and Ni2Al metastable 
phases, characterized by higher melting point in comparison with Ni3Al.  
Fig. 5 shows the dependence of the cladding volume from the specific energy input which has tendency to growth 
under increasing of laser energy input. During our study it was determined that optimal regimes for the layerwise 
LC are 2-8 J/mm2 under the laser scan velocity of 100-200 mm/min and the powder feed rate ~ 3.8 g/min. Increasing 
of the laser energy input up to 10-16 J/mm2 will be useful for the direct metal deposition process.  
 
 
Fig. 6. Photos of multi-layered laser cladding of Ni85Al15 
powder: evaluating the hatch distances between the single tracks 
and the layers. 0.25 mm and 0.15 mm were used for the hatch 
distances between the single tracks and layers and for the top and 
bottom images, respectively. 
 
Fig. 7. Photo of a 3D object with measured dimensions 7.4x7.4x5 mm 
(CAD model dimensions were 7x7x5 mm) obtained by 3D laser cladding of 
Ni85Al15 powder. The process parameters were: power density of 4 J/mm2, 
scan velocity of 600 mm/min, powder feed rate ~ 3.8 g/min 
Involving the single tracks process parameters laser cladding was used to produce multi-layered objects. The first 
step was to search for optimal hatch distances between single tracks and layers. The hatch distance was evaluated as 
0.45 of a track width with respect to a laser cladding theory and experience. The fig.6 presents the multilayer objects 
with almost smooth structure on the bottom image and, in contrast, slightly irregular surface on the top image. It is 
to notice, that bigger hatch distance provides faster manufacturing but, evidently, lower quality. 
To eliminate defects in the layers and to reduce random errors, the crisscross strategy was applied to the layers as 
well as laser irradiation of current top surface (at the angle 90q to the manufacturing direction) for smoothing. The 
resulting 3D cube object is shown in the Fig. 7. The measured dimensions in horizontal plane are different from the 
initial model dimensions by 0.4 mm i.e. 0.2 mm to a side. In fact an error of 0.1 mm to a side was predicted in 
respect to 0.5 of the laser beam diameter. It is possible to point out the main reasons: first of all, an inherent CNC 
error is 0.03 mm that could be doubled in two-side machining, and secondary, an overheating at the ends of tracks 
must be taken in account. The last reason evidently is responsible for the crown on the top surface of the cube. In 
fact, the top surface without the crown was 5 mm high. The side view of the cube presents typical layered structure 
but deeper researches are to carry out in the future.  
3.2. Phase-structural X-ray analysis and microhardness examination 
The X-ray analysis results are presented in Fig. 8. After the multilayer LC we have stronger lines which are located 
at the angles of 2T ~ of 51.4 and 52.1 degrees, that directly correspond to (111) J’-Ni3Al and metastable (110) Ni2Al 
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intermetallic phases. We can propose that probably iron substrate with an interplanar spacing (110) is visible also. 
The crystal-lattice orientation of the J’-Ni3Al has preferred direction [111].  
On taking into account all the peaks mentioned above, it’s reasonable to conclude that this XRD pattern (Fig. 8) 
best of all coincides with the set of the lines for the Ni3Al intermetallide. It means that during the LC process this 
phase remains in a stable state which corresponds with the aim of our study.  
 
 
 
Fig. 8. X-ray diffraction pattern of the Ni85Al15 after the multilayer LC. Fig. 9. Microhardness distributions of the Ni85Al15 after the 
multilayer LC. 
The measured microhardness (Fig. 9) of the cladded layers grows from the substrate to the top irregularly. We 
believe this to be connected with a local hardness increase in the intermetallic phase locations. Certain 
microhardness dip (HV0.1 350), we connect to the indentor hip on the layer boundary. As a whole the microhardness 
values correspond to the similar measurements on the nickel aluminides after the DMD and LENS processes, but 
some are lower than the microhardness of the laser cladded NiAl phase [8].  
3.3. SEM with EDX analysis 
The SEM images with EDX analysis of the micro and sub- structures are shown in Figs. 10 and 11. Microstructure 
study showed that the length of the main dendrite arms was about 15…20 Pm, but the grain size was 40…50 Pm. 
The secondary dendrite arms varied between 5 and 8 Pm. Such structure refinement is connected with a high-speed 
crystallization from the melt.  
In the Fig. 10 it is shown the microstructure after the layerwise LC in transverse directions. White dotted lines 
are shown layer boundaries. In the middle layer (Fig. 10a) the dendrite orientation is mainly coplanar with the 
image, beside nearby - it is perpendicular to the image plane. A crack between the second and the first layers is 
formed on the cooling stage. This broken type indicates the shift nature of plastic deformation under melt cooling. In 
Figs. 10 (b-c) forming substructure and large magnification are shown. It is seen that the boundary (Fig. 10b) has a 
size of 10 Pm and it separates the heterogeneously oriented grains. 
It should be pointed out that the microstructure mostly consists from dendrites of columnar type, which grew 
epitaxially from the substrate. Moreover, the growth direction of the columnar dendrites was tied to the laser 
scanning direction. From Fig. 10, it is seen that the primary dendrites have almost the same orientation throughout 
the sample. In contrast, Fig. 10 (a) shows that for the top and the bottom layers the growth direction of the columnar 
dendrites changes by 90q in every layer. Hence, during the solidification of the melt pool, cooling mostly occurs via 
the substrate and the deposit. This leads to the directional growth of the grains counter to the heat dissipation and 
subsequently the formation of the columnar grains. 
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Fig. 10. SEM micrographs showing typical solidification microstructures of the clad coatings with the laser scanning speed of 600 mm/min, 
250 W and 9 g/min, step between the layers was 200 Pm. 
 
Fig. 11. Results of the composition distribution (a, c) by the height of cladding layers and EDX analysis date (table) from whole square – b). 
The EDS line scanning results of the composition distribution from the cladding layer to the substrate are shown 
in Fig. 11(a, c) in which (c) corresponds to the sample - (a) and EDX date (table) corresponds to the sample (b). It 
can be found that the matrix element Fe enters into the first cladded layer. So the dilution of the substrate elements 
becomes more and more notable with the rise of the laser power density. Evidently, the reason consists in the 
accelerating diffusion processes for iron and the excessive overheating of the substrate at the high power density. 
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4. Conclusion  
The LC of single-tracks and 3D objects of the Ni3Al intermetallic was successfully prepared. Good 
metallographic characteristics and interface bonding were obtained. The coating microstructure consisted of J’- 
Ni3Al. The cladding of the Ni3A1 coating with small dilution into substrate can be obtained only at the appropriate 
power density of about 2-8 J/mm2 under the laser scan velocity of 100-200 mm/min and the powder feed rate ~ 3.8 
g/min. The average microhardness of the laser cladded coatings was HV0,1 380-400. The ability of the multilayer LC 
process to build the Ni3Al intermetallic coatings was successfully shown.  
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